echocardiography, three-dimensional echocardiography, three-dimensional reconstruction., ultrasound, congenital heart disease Two-dimensional echocardiography has become an invaluable tool in the diagnosis and management of congenital heart disease. It is capable of providing detailed images of most
Three-dimensional cardiac reconstruction generated from transesophageal interrogation can be performed using an integrated unit that captures, processes, and postprocesses tomographic parallel slices of the heart. This probe was used for infants and young children i n the transthoracic position to evaluate the feasibility of producing three-dimensional cardiac images with capability for realtime dynamic display. Twenty-two infants and children (range 1 day-3.5 years) underwent image acquisition using a 16 mm 5 MHz 64 element probe placed over the precordium. Two infants were also imaged from the subcostal position. Data was obtained and stored over a single cardiac cycle after acceptable cardiac and respiratory gating intervals were met. T h e transducer was advanced i n 0.5-1 mm increments over the cardiac structures using identical acquisition criteria. The images were reconstructed from the stored digital cubic format and could be oriented in any desired plane. I n 9 of the 22 infants the images obtained were of optimal quality. T h e images obtained displayed normal cardiac structures emphasizing depth relationships as well as visualization of planes not generally demonstrated by two-dimensional imaging. Several lesions were also depicted in a unique fashion using this technique. Though the method employed was limited by movement artifact and reconstruction time, the quality of the three-dimensional display was excellent and enhanced by realtime demonstration. The transthoracic approach was successful in capturing sufficient data to create three-dimensional images, which may have further application i n more accurate diagnosis of complex cardiac abnormalities and generation of planes of view which could duplicate surgical visualization of a lesion. Further assessment of the technique in infants with
congenital heart disease is warranted. (ECHOCARDIOGRAPHY, Volume 11, March 1994) echocardiography, three-dimensional echocardiography, three-dimensional reconstruction., ultrasound, congenital heart disease defects with the effect enhanced by real-time display. However, since the images obtained have only two-dimensional spatial representation, the echocardiographer must create a mental three-dimensional perspective of the image. Technology that could bridge this three-dimensional spatial gap would advance imaging significantly.
Multiple attempts have been made to obtain three-dimensional cardiac images in adults using various modalities. 1--20 However, such techniques as ultrafast computerized tomography and cardiac magnetic resonance imaging are promising but require prolonged acquisition time, limiting temporal resolution of the moving heart and are less accessible to the cardiologist than conventional two-dimensional echocardiography. Manual or automatic echocardiographic border detection methods can derive volumetric data, but complete reconstruction of the heart has not been possible. Further, intravascular ultrasound can provide three-dimensional images of vessels, but not intracardiac structures. All of these methods are further impeded by the need for offline analysis using independent computer configuration.
Recently, a prototype echocardiographic unit has become available using a transesophageal probe with a sliding movable transducer. This transducer is advanced over the length of the heart at a prescribed rate and distance to obtain multiple, parallel tomographic echocardiographic slices of the heart throughout the cardiac cycle.21 The data obtained is fully integrated with a computer used to store, analyze, and manipulate data to form three-dimensional constructs of the heart. Though the intended application in adults is for transesophageal use, the 16 mm diameter of the probe negates the same method in infants and children. However, the inclusive aspects of the total system led us to attempt to use this same probe in infants and children via a transthoracic window. The purpose of this report is t o present our initial experience with the feasibility of data acquisition and manipulation t o form three-dimensional constructs of the heart in a young population.
Methods

Instrumentation
The echocardiographic unit employed (TomTec, GmbH, Munich, Germany) is capable of standard two-dimensional imaging as well as pulsed wave, continuous wave, and color flow Doppler interrogation. The imaging probe consists of a 5 MHz 64 element phased array transducer, 16 mm in diameter. The transducer is mounted on a movable carriage situated within a housing formed by a series of connected semicircular plastic units. The flexible state of the probe is intended to permit transesophageal introduction of the unit. After appropriate positioning the unit is straightened by means of a cable system strung through the plastic connectors. Water is introduced between the probe cover and a latex sheath covering the transducer used to seal the system to maximize the acoustic properties for ultrasound transmission. In our subjects the probe was used in its fully extended rigid form, positioned as described above.
Electrocardiographic leads and chest wall sensors were placed on the precordium to permit gating of image acquisition t o the cardiac and respiratory cycles (Fig. 1A) . An "observation period" of 1-2 minutes determined a mean RR interval for the individual subject. Ranges (mean ? 40 msec) were set as acceptable gating intervals for the cardiac cycle. The chest wall sensors measuring thoracic impedance assessed end-expiration. The transducer was advanced to the most distal position within the probe. Image acquisition was initiated throughout the cardiac cycle and if gating criteria were met (RR interval limits as defined and end-expiration) the set of images for that cycle was stored in the computer (Fig. 1B) . The cable motor was activated moving the transducer along a linear direction to a position 0.5-1 mm proximal to the preceding position to obtain the next tomographic slice (Fig. 1C) . The sequence was repeated until approximately 120 slices of 1 mm thickness were obtained each one full cardiac cycle in duration. In cardiac cycles where either ECG or respiratory gating fell outside predetermined boundaries, the cycle was repeated until the required conditions were met and the frames were accepted for storage. The time required for acquisition was 3-4 minutes.
Each data set was stored and registered in digital format incorporating a matrix 256 x 128 x N (N = number of slices) so that spatial and temporal resolution was achieved with equidistant parallel images (Fig. 1D) . The data was stored on a 486 33 MHz personal computer with 64MB RAM and a hard drive capacity of 420 MB. Permanent data archiving was made on removable 600 MB laser cartridges capable of accommodating approximately 20 separate patient studies. Raw digital data could be recalled for analysis at any time on or off line.
To create a three-dimensional image, the two-dimensional image was displayed and reviewed. A t any desired frame, six cursors could be superimposed over the image in any orientation to create a panel of six individual two-dimensional images. Each image could be played in loop format of one complete cardiac cycle.
The images could be rotated in any X, Y, or Z plane using the console controls. When the desired frame and position of any image was obtained, computer reconstruction of three-dimensional format was initiated. For rapid assessment purposes, every second voxel was analyzed for gray scale data sacrificing resolution, but permitting reconstruction time of 7-8 minutes.
Final reconstruction was accomplished by analysis of all voxel information in the data cube. To achieve three-dimensional effects, gray scale attributes were assigned according to algorithms for distance ha ding.^^,^^ The gray scale representation in distance shading is inversely related to the viewpoint of any given structure. In general, near field structures appear opaque or brighter, while distant regions are darker shades of gray or transparent. Completion of this format required approximately 60 minutes. The reconstructed freeze-frame image could be played in loop format over the whole cardiac cycle. The computer memory was sufficient to enable simultaneous reconstruction of three separate three-dimensional images rotated about the transverse plane.
Subjects
After obtaining informed consent, 22 infants and children, median age 8 months (range 1 day-3.5 years), underwent transthoracic or subcostal echocardiographic examination (Table I) . When necessary, a single dose of chloral hydrate 50-100 mg/kg p.0. was administered t o minimize superfluous movement. The echocardiographer positioned the probe over the precordium from the apex to the base in an effort to maximize contact of the rigid probe with the chest wall. To guard against movement during acquisition, the probe required stabilization using one hand positioned at either end. In two infants, subcostal imaging was performed with the probe parallel to the diaphragm. The examinations were completed without complication.
Results
Of the 22 patients evaluated, only nine had studies that had adequate data suitable for three-dimensional reconstruction. These limitations were the result of transducer movement or movement of the infant interfering with the acquisition of parallel linear images. Though the two-dimensional images may have appeared satisfactory on line, three-dimensional reconstruction proved futile. Of the nine who had optimal data, the three-dimensional formats were striking and several are illustrated in the following freeze-frame examples. The first image is obtained from an infant with an atrial septal defect. The figure is rotated in 60" angled increments from left axial oblique to right axial oblique. All images are shown in diastole. The far left anterior oblique (LAO) view ( Fig. 2A) shows the left ventricular cavity, particularly the left septal surface. The mitral valve leaflets and papillary muscles are anterior in this cut and shaded brightly. The posterior left atrial wall is darker and a pulmo- nary vein is barely visible in the superior posterior left atrial cavity. After rotating 60" (Fig.  2B ) the posterior left ventricular cavity is best visualized while the ventricular septum and left ventricular free wall are seen nearly on end. The left ventricular outflow tract is unobstructed though the aortic valve leaflets are not well visualized. The supravalvar region of the ascending aorta can be tracked superiorly for a short distance before its course is lost in this cut. The right superior and inferior pulmonary veins are seen from this angle. In the final image, rotated an additional 60" (Fig. 2C) , the right ventricle and septal surface are well seen. The aortic valve leaflets are noted in the closed position. The left superior pulmonary vein is now seen lateral to the right upper pulmonary vein.
The technique is versatile in that it permits cuts through any plane of the heart as demonstrated in the next image (Fig. 3A Diastole; Fig.  3B Systole) . This 10-month-old infant with tuberous sclerosis has an associated intracardiac rhabdomyoma. The tumor is attached to the right ventricular septal surface and is somewhat irregular, but the tissue characteristics of the mass can be readily distinguished from those of the septal surface. The points of attachment are well discerned (small arrows). From this right axial oblique cut the left ventricular endocardial surface is well portrayed from the free lateral wall (lighter) to the posterior surface (darker). In real-time display these differences are enhanced and progressive changes in left ventricular wall thickness are well visualized.
The opportunity to view images from planes not previously available is demonstrated in the next example (Fig. 4) . This is made just above the plane of the atrioventricular (AV) valves in an infant with a structurally normal heart. In the still frame the anterior and posterior leaflets of the mitral valve are noted in diastole. The left ventricular inflow region is inferior to the leaflets, but little detail of the endocardial surface can be seen. The tricuspid valve is open wide so the leaflets are not seen in this cut, but the right ventricular surface is seen below the level of the AV valve plane. The crest of the ventricular septum separates the AV valves centrally. Using dynamic (four-dimensional) display, the motion of the valve leaflets through the cardiac cycle is depicted from coaptation of the free edges of the leaflets to the widely separated diastole position.
The utility of the system for congenital de- and 5B) that illustrates the heart of an infant with a complete AV canal showing a n ASD, ostium primum type (white arrow), and a VSD of the AV canal type (black arrow). The VSD can be seen again by rotating the image and creating a slice through the plane of the tricuspid valve in a plane not achievable by two-dimensional echocardiography. In real-time, the leaflets of the valve are fully visualized in systole.
Discussion
This study demonstrates for the first time that dynamic three-dimensional reconstruction of a beating heart is feasible using a transthoracic approach with phased array ultrasound imaging. The probe implemented in this study is used in adults as a transesophageal instrument, conceived to circumvent the limited window frequently encountered in such subjects. The size of the gastroscope limits its use for pediatric patients undergoing transesophageal studies, especially younger children and infants. As a consequence, the 5 MHz probe was used as a conventional transthoracic unit and succeeded in generating high quality two-dimensional images. Gating with the ECG and respiratory cycle permitted acquisition of SUCcessive slices corrected for the cardiac cycle and chest wall movement. Equidistant parallel slices over a 12 cm distance were facilitated by the motorized gantry system with low tolerance for deviation from preset boundaries. Since the transducer could not be advanced to the next level of the heart unless the spatial and temporal limitations were adhered to tightly, there was some concern that the overall acquisition time would be unwieldy and that, as a result, relaxation of preset controls for position and time would be necessary, limiting ultimate resolution of the three-dimensional reconstruction. However, acquisition times proved to be similar to those achieved in adults undergoing transesophageal application of the device. We decreased acquisition times even further by initiating frame capture at the inferior boundary of the heart rather than at the distal end of the probe.
Though our overall study group is small, the three-dimensional images were able to detail several congenital abnormalities. Given the infinite number of planes available for scrutiny, these defects could be visualized by conventional display or from novel directions. The wide array of presentation has several advantages. In this initial effort, images in this study were obtained, reviewed, and reprocessed to portray normal cardiac anatomy, and by extension, the size, shape, and location of defects in the atrial or ventricular septum, attachment and movement of the AV valves, and size, position, and adherence of intracardiac masses. Though outside the scope of this study, other applications appear readily feasible including aggregate volumetric measurements of cardiac chambers, quantitative determination of ventricular wall mass and volume of pericardial effusion. Specific investigation is necessary, however, to determine the accuracy of the proposed measurements. In a somewhat more farreaching application, it may be possible t o superimpose a planned surgical intervention on this three-dimensional model to anticipate the benefits or limitations of a particular approach prior to the actual surgery. Intraoperative transesophageal assessment using three-dimensional reconstruction could confirm the efficacy of repair, particularly in complex lesions.
Several limitations were encountered that need to be considered. The contour of the chest wall in this population produced less than optimal contact surface for this rigid, linear transducer probe, resulting in several studies in which three-dimensional reconstruction could not be achieved. A flexible probe that could be applied for continuous contact along the complete imaging axis of the heart would conceivably result in improved resolution, particularly at the apex and base of the heart and by extension t o the great vessels. However, a curvilinear design might not be accomplished without sacrificing the equidistant parallel slices now obtained, requiring correction for a curved pathway, which allows smooth transition at 1 mm increments. Longer acquisition time exchanged for higher quality images would be acceptable; however, it would then be preferable to devise a method to stabilize the probe in precise location eliminating the possibility that a hand-held probe would move, inadvertently sacrificing the quality of the data, another source of suboptimal three-dimensional reconstruction. Most important, the clinical applicability of this technology will most likely be influenced not only by the quality of the image, but also by the time required for reconstruction, display, and storage of the desired images. Currently, three-dimensional reconstruction from a single selected two-dimensional plane takes 6-7 minutes. Should the reconstruction fail to display the anticipated image, another plane must be selected and the time is duplicated. Clearly, the infinite number of planes achievable is an advantage; however, the time factor must be set against the array of possible images. It is conceivable that certain key views will emerge with greater use, and these could be formatted as default images with reconstruction centered around them; fine alterations could be made for more complex lesions or simple lesions with specific queries. Some of these hurdles will be cleared by faster computer processing. A smaller gastroscope design utilizing the same transducer frequency would permit intraoperative application in smaller patients than adults, thereby broadening the range of potential subjects.
Conclusion
In conclusion, this study has shown the feasibility of three-dimensional and four-dimensional tomographic images in infants and young children with congenital heart abnormalities utilizing a reproducible transthoracic approach. Though some temporal and spatial obstacles remain as impediments t o widespread and comprehensive utilization, when overcome, this modality should find wide acceptance for surgical decision making, as a teaching tool, and for previously elusive quantitative measurements.
